To study the mechanisms of inducible disease resistance in conifers, changes in transcript accumulation in roots of Norway spruce (Picea abies (L.) Karst.) seedlings exposed to the root rot pathogen Ceratobasidium bicorne Erikss. & Ryv. (anamorph: Rhizoctonia sp.) were monitored by differential display (DD). Because C. bicorne attacks root tips, a desiccation treatment was added to exclude genes induced by pathogen-related desiccation stress. The DD analysis was defined by the use of 11 sets of primers, covering about 5% of the transcriptome. A comparison of gene expression in control, desiccation-and pathogen-stressed roots revealed 36 pathogen-induced gene transcripts. Based on database searches, these transcripts were assigned to four groups originating from spruce mRNA (25 transcripts), rRNA (five transcripts), fungal mRNA (two transcripts) and currently unknown cDNAs (four transcripts). Real-time PCR was applied to verify and quantify pathogen-induced changes in transcript accumulation. Of the 18 transcripts tested, nine were verified to be Norway spruce gene transcripts up-regulated from 1.3-to 66-fold in the infected roots. Four germin-like protein isoforms, a peroxidase and a glutathione S-transferase, all implicated in oxidative processes, including the oxidative burst, were predicted from sequence similarity searches. Seven class IV chitinase isoforms implicated in fungal cell wall degradation and a nucleotide binding site-leucine rich repeat (NBS-LRR) disease resistance protein homologue related to pathogen recognition were identified. Several transcript species, such as the NBS-LRR homologue and the germin-like protein homologues, have not previously been identified as pathogen-inducible genes in gymnosperms.
Introduction
Root diseases can result in major losses in nursery production of conifer seedlings. Moreover, in container-grown seedlings, the symptoms of root disease are not always conspicuous, which results in further losses because diseased nursery stock has a much reduced forest survival rate (Saunders et al. 1992, Lilja and Rikala 2000) .
Of the various fungi and oomycetes associated with conifer seedling root rot, the basidiomycete Ceratobasidium bicorne Erikss. & Ryv. (anamorph: Rhizoctonia sp.), which causes root dieback, is probably the most well described and was therefore chosen for this study (e.g., Hietala 1997 , Hietala et al. 2001 . Both container-grown and bare-root seedlings of Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.) are affected by the disease, which is characterized by retarded root and shoot growth and partial or total death of the root system. The pathogen penetrates the apical nonsuberized region of the growing primary and long lateral roots, where root exudates trigger hyphal proliferation preceding the formation of penetration hyphae (Hietala 1997) . The apical meristem region is typically completely macerated by the penetration hyphae.
In plants, defense mechanisms include both constitutive and inducible systems. Pathogen-induced defenses in gymnosperm roots include cell-wall degrading enzymes and other pathogenesis-related proteins (PR-proteins). In Norway spruce roots, infection with Pythium dimorphum J.W. Hendrix & W.A. Campbell results in the accumulation of α-1,3-glucanases (PR-2), chitinases (PR-3) and chitosanases (Sharma et al. 1993) . Increased chitinase activity in response to pathogen infection in conifer roots has been observed in several studies (Hodge et al. 1995 , Robinson et al. 2000 , Nagy et al. 2004a ). Norway spruce cell-wall degrading enzymes might hydrolyze the important fungal cell wall constituents chitin, chitosan (only found in Zygomycota) and α-1,3-glucans. Such break-down products have been found to elicit further defense reactions in plants (Roby et al. 1987 , Elghaouth et al. 1994 , Ham et al. 1995 .
Three additional classes of PR-proteins accumulate in gymnosperm roots. Spi1, a defensin (PR-12)-like protein (Sharma and Lönneborg 1996 , Elfstrand et al. 2000 , Fossdal et al. 2003 and Spi2, a peroxidase (PR-10)-like protein accumulate in Norway spruce roots infected with P. dimorphum . A thaumatin (PR-5)-like protein accumulates in root bark of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) in response to Armillaria ostoyae (Romagn.) Herink. and Phellinus weirii (Murrill) RL Gilbertson (Zamani et al. 2004 ).
An early defense response in many plant-pathogen interactions is the production of reactive oxygen species (ROS)-the oxidative burst. An oxidative burst was induced by pathogen-derived elicitors in suspension-cultured cells of Monterey pine (Pinus radiata D. Don) (Hotter 1997) and in Norway spruce cells (Messner and Boll 1994) . In angiosperms, the oxidative burst appears to be associated with direct (antimicrobial) and cell-wall strengthening effects, as well as signaling of downstream defense responses (Lamb and Dixon 1997) . Production of ROS may also serve as an early defense response in gymnosperms. In fungal elicitor-treated cells of Cupressus lusitanica Mill., a peroxidase-like enzyme catalyzed the production of ROS, which is necessary for accumulation of the phytoalexin, α-thujaplicin (Zhao and Sakai 2003) .
Pathogen-induced production of several phenolic phytoalexins, flavonoids and stilbenes occurs in Norway spruce stem phloem (Brignolas et al. 1995a ). Flavonoids and stilbenes are formed by the phenylpropanoid pathway and the induction of several genes and enzymes in this pathway indicate that de novo synthesis of phenolic compounds is a pathogeninduced defense response in gymnosperms (Brignolas et al. 1995b , Preisig-Müller et al. 1999 , Nagy et al. 2004b . Phenylalanine ammonia-lyase, feruloyl-CoA reductase, cinnamyl alcohol dehydrogenase and peroxidase are all induced by treatment of Norway spruce cells with elicitors (Messner and Boll 1993) .
Pathogen recognition and signal transduction pathways, transcription factors and other regulatory proteins associated with pathogen defense have been studied in angiosperms, but there are few studies in gymnosperms. Liu and Ekramoddoullah (2003) cloned 67 partial plant disease resistance gene (R-gene) homologues of the nucleotide-binding site leucinerich repeat (NBS-LRR) superfamily from needles of western white pine (Pinus monticola Dougl. ex D. Don). Jasmonic acid (JA) and salicylic acid (SA), known as pathway components in angiosperms, induce chitinase gene expression in pine seedlings (Davis et al. 2002) . Methyl jasmonate (MeJa) induces chitinase activity and protects Norway spruce seedlings against later applications of the root pathogen, Pythium ulthimum Trow. (Kozlowski et al. 1999) . A transcript for a 14-3-3 protein accumulates in response to treatment with MeJa and chitosan in white spruce needles and a role in defense-related signal transduction was suggested (Lapointe et al. 2001) . The 14-3-3 proteins act as regulators of signal transduction pathways (Roberts et al. 2002) .
In general, pathogen-induced defense mechanisms in gymnosperms have mostly been studied in aboveground plant parts. Our objective was to identify defense-related genes in young Norway spruce roots. We used the Norway spruce-C. bicorne interaction as a model pathogenic system to screen an estimated 5% of the transcriptome of Norway spruce for pathogen-induced gene transcripts by mRNA differential display analysis, followed by verification with quantitative real-time RT-PCR.
Materials and methods

Plant material
One-week-old Norway spruce seedlings, Provenance 5225, Eidskog, Norway, were transferred to sterile 49-ml plastic pots containing 0.7-mm glass beads as the growth substrate. The seedlings were grown in a climate chamber (20-h photoperiod, 22-24°C, watering twice a day) in five trays for 6 weeks until they were about 50 mm tall and had a stem diameter of 1.5 mm. Detailed growth conditions have been described by Nagy et al. (2004a) .
Pathogen and drought treatments
Seven-week-old seedlings were subjected to three treatments: C. bicorne infection, dessication (drought) and a control treatment with no imposed stress. Drought was imposed by not watering the seedlings for the duration of the 47-h treatments. For infection, we employed a uninucleate Rhizoctonia sp. (teleomorph: Ceratobasidium bicorne) Strain 83-111/1 N (Hietala et al. 1994 (Hietala et al. , 2001 . Fungal homogenate in liquid malt medium (5 mg ml -1 ) was produced according to Nagy et al. (2004a) . For each seedling, 4 ml of this inoculum was injected into the growth substrate. Control plants and drought-treated plants were injected with plant nutrient solution without fungus. Two identical time-courses were carried out on different dates. Plant material for differential display (DD) was sampled 23 and 47 h after infection (hai). Each sample comprised total root tissue from 15 seedlings. Root samples were stored at -80 °C.
RNA extraction and DNase treatment of the samples
Total RNA was extracted from root samples following the protocol of Lönneborg and Jensen (2000) . Prior to DD, the RNA was treated with RQ1 RNase-free DNase (Promega, Madison, WI) as described in the Promega Technical Bulletin No. 518. To check for genomic DNA in the RNA samples, a DD-PCR reaction was performed with "cDNA" produced without reverse transcriptase as the template control.
Differential display and cloning of differentially expressed transcripts
The HIEROGLYPTH mRNA profile kit for differential display analysis (GENOMYX, Foster City, CA) was used according to the manufacturer's instruction. Following reverse transcription of RNA (cDNA synthesis) and DD-PCR, the samples were run on a GenomyxLR DNA sequencer using the LR-OPTIMIZED HR-1000 gel formulation (GENOMYX). During cDNA synthesis, DNase-treated total RNA was combined with different oligo(dT) anchor primers and reversetranscribed. For each anchor primer, five different cDNAs were produced corresponding to the five treatments used (control 23 h, control 47 h, desiccation 47 h, inoculated 23 h and inoculated 47 h).
The cDNAs were PCR-amplified with 11 primer sets, each consisting of one arbitrary primer and one oligo(dT) anchor primer (the same as used for cDNA synthesis). Arbitrary Primer 1 was combined with anchor Primers 1 and 2, arbitrary Primer 2 was combined with anchor Primers 1, 2, 3 and 4 and arbitrary Primer 3 was combined with anchor Primers 1, 2, 3, 4 and 5. The DD-PCR was carried out with all combinations of the 11 primer sets and five cDNAs. All DD-PCR reactions were run in duplicate to confirm reproducibility.
PCR-amplification, cloning and sequencing of differentially expressed gene transcripts
Differentially expressed transcripts were excised from the DD-gel and amplified by the Expand High Fidelity PCR System (Roche, Branchburg, NJ). The transcripts were cloned into the pGEM-T Easy Vector System (Promega, Madison, WI) and transformed into E. coli DH5α. Plasmids were isolated from up to seven colonies per gene transcript using QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA), and DNA from one colony per transcript was sequenced at MWG-Biotech AG, Ebersberg, Germany. The DNA from the remaining three colonies was cut with appropriate restriction enzymes and clones exhibiting different restriction patterns were sequenced. The sequences obtained were run against NCBI's GenBank and expressed sequence tag (EST) databases, using BlastN and BlastX (Altschul et al. 1997) .
Quantitative real-time PCR
Gene transcripts, identified by DD, were subjected to real-time PCR to confirm and quantify the relative expression difference between control and inoculated samples. Real-time PCR was carried out on the same RNA samples that were analyzed by DD. Gene transcripts for which differential expression could be confirmed by real-time PCR were subjected to another round of real-time PCR using total RNA derived from a duplicate experiment.
Preparation of samples for real-time PCR involved DNase treatment of total RNA and cDNA synthesis. For DNase treatment and later removal of DNase and divalent cations from the DNase-treated RNA, we used DNA-free (Ambion, Huntingdon, U.K.). Two units of DNase were added to 3.5 µg RNA in a 50-µl reaction. The cDNA synthesis was carried out using Taqman Reverse Transcription Reagents (Applied Biosystems, Foster City, CA). Reverse transcription of RNA was performed with 0.6 µg DNase-treated RNA, 0.28 µmol MgCl 2 , 0.1 µmol dNTP (25 nmol each), 125 pmol oligo (dT) 16 primer, 20 units RNase inhibitor, 62.5 units reverse transcription enzyme in 1 × Taqman buffer in a 50-µl reaction. The reaction was incubated in a thermal cycler at 25°C for 10 min, 48°C for 30 min, and then at 95 °C for 5 min.
Real-time PCR was performed in a Rotor-Gene 3000 (Corbett Research, Sydney, Australia). The fluorescent dye SYBR Green was used for detection. Each sample was run in a minimum of three replicates to confirm reproducibility. One 25-µl reaction included 5 µl of cDNA, 7.5 fmol forward primer, 7.5 fmol reverse primer in 1 × SYBR Green PCR Master Mix (Applied Biosystems). Identical cycling conditions were used for real-time PCR of all cDNAs: 2 min at 50°C followed by a 10 min denaturation at 95°C and 40 two-step cycles: 95°C for 15 s and 60°C for 1 min. Finally, a product melting curve was run to confirm product specificity. Norway spruce α-tubulin transcript (GenBank Accession no. X57980) was used as a reference gene. Real-time PCR primer sequences for all transcripts assayed are presented in Table 1 .
Quantification of relative gene expression differences in real-time PCR
Relative gene expression difference (R) in C. bicorne-inoculated samples compared with uninoculated control samples was quantified with the algorithm (Equation 1) described by Pfaffl (2001) . The CP-values were based on 3-4 replicate measurements. Real-time PCR efficiency (E ) was calculated by the standard curve method: E = 10 (-1/slope) (Pfaffl 2001 ) with cDNA from seedlings that had been infected with C. bicorne for 1 day. Only high linearity standard curves (Pearson correlation coefficient r > 0.99) based on triplicate measurements were accepted.
Statistical analysis
For each gene of interest, we assessed the significance of the relative expression difference between inoculated and control samples (R value, Equation 1; Pfaffl 2001) based on the permutation test of the hypothesis R = 1. Permutation tests have the advantage of making no assumptions about data distribution. To test the hypothesis that R = 1, 10,000 permutations were made and R = 1 was rejected at the 5% level if R_permu-tated > R (for R > 1) or R_permutated < R (for R < 1) occurred less than 250 times (two-sided test). To perform the permutation test, we wrote a program in C (because the REST software tool described by Pfaffl et al. (2002) did not run correctly in our hands) that can handle data having the same number of replicates for all CP values; this program is available on request.
Results and discussion
Our DD analysis used 11 sets of primers, estimated to cover 5% of the transcriptome (Liang and Pardee 1992) . In total, 36 transcripts were cloned and sequenced. Real-time PCR was applied to verify and quantify pathogen-induced changes in transcript accumulation (Table 2) . Of the 18 cDNA transcripts tested by real-time PCR, nine cDNAs were verified as Norway spruce gene transcripts showing altered expression in infected roots (Table 3 ). According to in silico analyses, these genes are related to pathogen recognition and signaling, oxidative pro-cesses and fungal cell-wall degradation. The majority of the amplified transcripts ranged between 500-800 bp, providing sufficient sequence information for putative identifications, even though the DD procedure uses poly(A)-anchor primers and, as a consequence, the sequences commence in the 3′-untranslated region of the induced genes.
Control samples
Seedlings were grown from seeds obtained from an out-crossing plant population and might be expected to respond slightly differently to treatments. To avoid false positive results in which differences in gene expression arose from differences in the genetic composition of the seedlings rather than from the treatments, 15 seedlings were pooled per sample. The validity of this approach was tested. Four different control samples were subjected to DD and identical band patterns were obtained (data not shown), showing that the effect of possible differences in gene expression among individual seeds had been minimized by using multiple seedling samples. Three samples, originating from the control experimental tray, were collected at 0, 23 and 47 h of treatment. The fourth sample was collected from the desiccation tray at 0 h (prior to dessication). This showed that growing plants in different trays led to no detectable differences in gene expression, just as no changes in the gene expression pattern of the control plants were detected during the time course of 0, 23 and 47 h.
Effects of desiccation and infection with C. bicorne on gene expression in roots
Control seedlings and seedlings subjected to a 47-h drought had similar gene expression patterns, even though physiological measurements indicated a 21% decrease in photosynthesis (no decrease in control plants) and a 17% reduction in needle transpiration (3% reduction in control plants) in the droughttreated seedlings at 47 h after initiation of the study (Nagy et al. 2004a ). These observations indicate that the observed differences in gene expression in the C. bicorne-inoculated plants were caused by the pathogen and not by infection-related desiccation-stress. A rapid response to pathogen infection treatment was expected because the pathogen suspension was added directly to the roots.
Based on changes in band intensity in samples from inoculated roots compared with control samples, we extracted 35 cDNA bands from the display gel (Table 2) . Seventeen bands showed increased band intensity at 23 hai, of which, at 47 hai, the intensity of three bands was greater, 11 bands showed similar intensity and three bands showed less intensity. Eleven transcripts showed increased intensity only at 47 hai. Seven transcripts showed decreased intensity at 23 and at 47 hai. The bands were re-amplified by PCR, subcloned and sequenced. Because some bands were lost during this process and other bands comprised two equally sized cDNA transcripts, 36 sequenced cDNA transcripts were derived from the 28 cDNA bands (Table 2) . In cases where two transcripts were contained in one band, one transcript likely represented a constitutively expressed gene masked by the differential expression of the other gene.
In silico analysis indicated that the 36 transcripts identified originated from either plant mRNA (25 transcripts), rRNA (five transcripts), fungal mRNA (two transcripts), or an unknown cDNA source (five transcripts). Thus, sequence analysis indicated the presence of 7/36 (19%) false positives in the form of fungal transcripts (which are not differentially regulated, but appear to be because they are present only in the inoculated sample) and oligo(A)-containing rRNAs. Several Norway spruce mRNA-derived gene transcripts showed sig- 
Real-time PCR confirms differential transcript accumulation
We validated and quantified the expression of 14 transcripts of presumed Norway spruce mRNA origin by real-time PCR. We confirmed that nine of these transcripts accumulated in response to infection (Table 3) ; the same as observed by DD. A name was assigned to each transcript to reflect its putative function (Table 3) . Pathogen-induced increases in transcript accumulation varied from 1.3-to 66-fold for the nine genes in roots from the same infection experiment as used for DD. Real-time PCR results from the second infection experiment confirmed this upregulation, although lower relative expression difference values were obtained (Table 3) . Five transcripts, identified as up-regulated (three transcripts) and downregulated (two transcripts) by DD, showed no transcriptional changes with real-time PCR, emphasizing the need for independent verification of DD gene expression results. Transcript 8, a putative alcohol dehydrogenase I, was shown by real-time PCR to increase in the inoculated sample (more than 300 times). It was also expressed in the control sample. Because some fungal and plant alcohol dehydrogenase I's are extremely similar even in the untranslated 3′ end, we believe a fungal alcohol dehydrogenase I, was picked up by real-time PCR in the infected sample together with an identical or almost identical gene derived from the Norway spruce. This might also be true for Transcript 5-4, a putative acetyl-CoA carboxylase, which showed a real-time expression pattern much like Transcript 8, but currently only fungal acetyl-CoA carboxylases with high similarity to Transcript 5-4 have been identified.
Most pathogen-induced genes accumulated to higher values at 23 hai than at 47 hai (Table 3) , even though Norway spruce is susceptible to C. bicorne and the disease was spreading in the root tips from 23 to 47 hai. Fungal suppression of plant gene expression might account for the observed decline in transcript accumulation at 47 hai.
Sequence analysis suggests defense-related functions and multiple gene isoforms
Sequence analysis revealed the presence of seven chitinase class IV isoforms with similar sequences (Table 2 ). The two least similar sequences, Transcripts 4 and 26, differed in 12 out of 103 amino acids within the coding region (89% identical). They most likely represent different genes, but they showed the same expression pattern (Table 3 ) and may therefore have a similar function in the plant. The Norway spruce genome is diploid, but because 15 seedlings were pooled per sample, several isoforms might represent alleles of the same locus. Likewise, four similar germin-like transcripts were identified and the least similar transcripts, 40 and 42 (94% identical), had similar expression patterns (Table 3) .
The majority of the differentially induced genes showed high sequence homology with genes related to plant defense and plant stress and comprised proteins with putative functions in pathogen recognition (Transcript 23), oxidative processes (Transcripts 2, 22-4, 24, 39-1, 40 and 42) and PR-proteins (chitinase) (Transcripts 4, 17, 26, 28, 36A-2, 36B and 37-4) ( Table 3) . Two additional transcripts with homologues in non-host resistance (Transcript 11) and plant cell detoxification (Transcript 25) were identified by DD, but did not show differential expression with real-time PCR (Table 2) .
NBS-LRR disease resistance protein homologue
Transcript 23 was identified as a putative NBS-LRR class resistance protein. Real-time PCR indicated that this transcript was maintained at low copy numbers in uninfected tissue (data not shown). A 1.7-fold increase in transcript amount in inocu- 1538 JØHNK, HIETALA, FOSSDAL, COLLINGE AND NEWMAN TREE PHYSIOLOGY VOLUME 25, 2005 Table 3 . Transcript levels of Norway spruce genes responsive to infection by Ceratobasidium bicorne as determined by real-time PCR. Statistical significance: *** = significant, P < 0.0001 ; ** = significant, P < 0.001; * = significant, P < 0.05; ns = not significant; and nt = not tested. Abbreviations: AA = amino acids; and hai = hours after infection. (Tables 2 and  3 ) from loblolly pine (Pinus taeda L.), followed by another 50 putative NBS-LRR proteins. No homologous sequences from Norway spruce (full length or EST) are currently in the databases and only eight full-length clones with significant similarity to Transcript 23 are found within Pinales (conifers).
No conifer NBS-LRR disease-resistance proteins with known function have yet been described. Transcript 23 aligns with the LRR part of homologous proteins but ends before reaching the NBS domain. We suggest it encodes an NBS-LRR protein. Only NBS-LRR homologues show more than 30% sequence identity to Transcript 23, and based on the repeat sequence of Transcript 23, it best matches the consensus sequence of the cysteine-containing LRR protein subfamily (Kajava 1998) , comprising only intracellular LRR proteins, to which the NBS-LRR proteins belong. Transcript 23 encodes eleven imperfect LRRs (Table 4 ). The alignment is based on Pfam domain searches and manual comparison to the Pfam LRR consensus sequence (nLeeLdLsgCN pnltGslpdsal.nLs) (Pfam, St. Louis, MO). The conserved L residues from the LxxLxLxx motif can be retrieved from every repeat. LxxLxLxx equals the residues 2-8 in the Pfam consensus sequence, where L denotes leucine or any other hydrophobic amino acid and x can be any amino acid.
The NBS-LRR proteins function as disease-resistance proteins (Dangl and Jones 2001) , though other roles cannot be precluded. In gene-for-gene resistance, a disease-resistance protein acts as a direct or indirect receptor for a pathogen avirulence gene product, as originally described by Flor (1971) . The LRR region of disease-resistance proteins often provides recognition specificity for gene-for-gene interactions (Ellis et al. 1999 , Luck et al. 2000 , Dodds et al. 2001 . The interaction surface is encoded by the xxLxLxx motif in each LRR , which is equivalent to residues 3-9 in the Pfam consensus sequence. Studies of closely related disease-resistance proteins have shown that the amino acids that make up the interaction surface have a higher rate of amino acid substitution than the remaining residues (Parniske et al. 1997 , Van der Vossen et al. 2003 , likely reflecting diversifying selection .
A BLAST search of Transcript 23 against the EST database revealed highest similarity to BX678595 from maritime pine (Pinus pinaster Ait.) roots and CF473270 from loblolly pine roots with 92 and 86% sequence identity in 603 and 779 nucleotides, respectively. Alignment of BX678595 and Transcript 23 shows substitutions occur at 4% of the positions within the xxLxLxx motif and 10% outside it (alignment not shown). Similar results were found when aligning Transcript 23 with CF4473270, where 9/70 (13%) of the substitutions were within the xxLxLxx motif and 33/169 (20%) outside this motif (Table 4 , LRR2-LRR10). For this comparison to be meaningful, the two sequences must be orthologues (i.e., have evolved from the same sequence in the past and have the same function). With similar imperfect LRR motifs and 92 and 86% sequence similarities, this is possible. In conclusion, no diversifying selection was found to act on Transcript 23. Thus, although this transcript could be part of a disease-resistance protein, as indicated by the sequence homology search, the substitution analysis did not provide further support for such a role.
Glutathione S-transferase
Transcript 2 was identified as a putative glutathione S-transferase (GST). Quantification of gene expression by real-time PCR showed a 9.1-fold increase in mRNA levels in inoculated material compared with controls at 23 hai, decreasing to 5.9-fold at 47 hai. Transcript 2 contained a 483 bp open reading frame and a 194 bp untranslated 3′ end. Up to 75% identity (85% similarity) in 156 amino acids (AA) was found with two putative GSTs from embryonic cell cultures of black spruce (Picea mariana (Mill.) BSP), these being the only two gymnosperm sequences in the alignment.
Structurally, all known GSTs exhibit a two-domain fold consisting of a conserved N-terminal glutathione-binding domain and a C-terminal domain for second substrate specificity, bound together by a linker sequence (Frova 2003) . Transcript 2 spans the whole C-terminal GST domain (Pfam) but ends before reaching the glutathione-binding domain.
The GSTs are abundant in plants, representing up to 1% of soluble proteins (Frova 2003) . A gene-family of 42 GSTs has been found in maize (McGonicle et al. 2000) . Of these, only type III GST sequences (now called Tau 2000)) are similar (40-50% identity) to Transcript 2 and share the type III "LPaDPYeRAqARFWA" C-terminal sequence signature (McGonicle et al. 2000) , suggesting that Transcript 2 is a Tau class GST. This class was first identified as being induced by auxins, but is also involved in the response to both endogenous and exogenous stresses, including wounding, heavy metal toxicity, oxidative stress, temperature stress and pathogen attack (Frova 2003) . Knowledge of GST function in plant disease is scarce: in many plant species (Lamb and Dixon 1997) , including Norway spruce cell cultures (Schwacke and Hager 1992, Messner and Boll 1994) , they are believed to protect cells against damage from the oxidative burst triggered by pathogen invasion. Toxic oxidation products are detoxified by GST-catalyzed conjugation of reduced glutathione (GSH). This was shown for 4-hydroxynonenals, formed by oxidative injury of membranes (Cummins et al. 1997) . Other compounds produced in the plant for pathogen defense are also toxic to the plant cell (e.g., certain phytoalexins) and may be substrates for GST-catalyzed conjugation (Frova 2003) . Tau class GSTs possess GSH-dependant peroxidase activity (the ability to catalyze the reduction of organic hydroperoxides, R-O-OH), which have been shown to counteract oxidation injury (Frova 2003) . Most GSTs are cytosolic, but an extracellular stress-inducible GST has been reported in soybean and may be a component of host defense, possibly by shielding neighboring cells from diffusible ROS (Flury et al. 1996) .
Peroxidase
Transcript 22-4 showed high similarity to the secreted class III plant peroxidases (EC1.11.1.7). The transcript was upregulated 6.8-fold in response to C. bicorne at 23 hai, decreasing to 3.1 fold at 47 hai. Transcript 22-4 contains a 475 bp open reading frame and a 186 bp untranslated 3′ end. Up to 49% identity (65% similarity) in 161 AA was found with an Arabidopsis peroxidase, followed in the alignment by 25 peroxidases from 10 dicots, all anionic or with undetermined charge. Transcript 22-4 is 45% identical (61% similarity) in 143 AA to spruce pathogen-induced 2 (Spi2), a peroxidase that accumulates in Norway spruce roots infected with the root pathogen P. dimorphum ). The Spi2 gene was over-expressed in transgenic Norway spruce (Elfstrand et al. 2001 ) and in tobacco (Elfstrand et al. 2002) . Alterations in lignin structure were found in tobacco, indicating some role of Spi2 in lignin synthesis. A role in disease resistance was also suggested because the growth of Erwinia carotovora (Jones) Bergey et al. in the transgenic tobacco lines was suppressed, whereas susceptibility to Phytophthora parasitica Dastur var. nicotianae was increased (Elfstrand et al. 2002) . Nagy et al. (2004a) identified pathogen-induced peroxidase isoforms by isoelectric focusing (IEF) followed by staining for peroxidase activity. Peroxidase activity measurements were based on plant material collected from the same infection time course as used in our experiments. In C. bicorne-infected roots, the activity of one or several highly cationic peroxidases increased continually through 48, 96 and 192 hai, and two neutral peroxidases showed a less pronounced induction. It is not known if Transcript 22-4 encodes any of these peroxidases.
Peroxidase activity is correlated with resistance against pathogens, but the precise function of most individual peroxidases has not been determined, because of low substrate specificity and the presence of multiple isoenzymes (Hiraga et al. 2001) . Studies correlating deposition of cell-wall strengthening materials (lignin, suberin, extensin, polysaccharides) and peroxidase activity, as well as studies correlating peroxidase activity with degree of disease resistance, are all consistent with a defensive role for peroxidase through cell-wall strengthening (Chittoor et al. 1999 ). In the cell walls of Norway spruce roots, peroxidase activity increases in response to infection with the root pathogens Fusarium avenaceum (Corda ex. Fries) Sacc. and Fusarium culmorum (W.G. Sm.) Sacc. (Asiegbu et al. 1999) . The production of lignin-like material in Norway spruce cell cultures was induced after elicitation with Rhizosphaera kalkhoffi Bubák cell-wall fragments (Messner and Boll 1993) . Peroxidases also function as generators of the ROS involved in plant defense and signaling (reviewed in Kawano 2003) . In the conifer, C. lusitanica, peroxidase-like enzymes appeared to possess NADPH-oxidase activity, leading to ROS production and phytoalexin accumulation (Zhao and Sakai 2003) .
Germin-like proteins (GLP)
Transcripts 24, 39, 40 and 42 were identified as coding for putative germin-like proteins (GLPs). The least similar of the four transcripts, 40 and 42, were 94% identical in 169 AA and exhibited similar accumulation patterns (57-and 66-fold transcript accumulation in the infected plants compared with controls at 23 hai, and 17-and 16-fold at 47 hai), suggesting similar functions in the plant.
The highest similarity (60-61% identity, 80-81% similarity in 164 AA) to Transcripts 40 and 42 was found in a GLP from rice (Accession no. AAP 68412), followed by several uncharacterized rice and Arabidopsis GLPs. Only a few gymnosperm GLPs appear in the alignment. The GLPs expressed in embryos of Monterey pine and Caribbean pine (Pinus caribaea Morelet) (Neutelings et al. 1998 ) and in Scots pine showed less than 48% identity with the GLPs we identified.
The identified transcripts belong to the ancestral cupin superfamily and have the typical plant cupin organization (germins and germin-like proteins). In all four transcripts, the B-box (G-P-H-HPRATEXXXX-G) and the C-box (GXXH FQ-N-G) (X denotes aromatic amino acids and -denotes any amino acid) are conserved intact. The transcripts end before reaching the predicted A-box, the third conserved sequence in cupins. The B-box and C-box contain three histidines and one glutamine residue (shown in italics), these are required for wheat germin oxalate oxidase and superoxide dismutase activity (Woo et al. 2000) .
The RGD (Arg-Gly-Asp) tripeptide upstream of the C-box identified in all four GLPs is also of putative importance. The RGD (or KGD (Lys-Gly-Asp)) tripeptides are observed in similar positions in most known GLPs, but not in germins. It has been suggested that GLPs function as RGD-dependent receptor proteins linking the extracellular matrix (ECM) and the plant cell, as plant counterparts to animal adhesion proteins (Bernier and Berna 2001) . A pea root GLP (Accession no. Q9S8P4) with RGD-dependent receptor activity for rhicadhesin, an attachment protein of Rhizobiaceae (Swart et al. 1994) , is among the most similar sequences to Transcript 40 showing 59% identity, and 73% similarity in 166 AA.
A putative glycosylation site (NXS) was found upstream of the B-box in Transcripts 39 and 40, but Transcript 42 does not reach the glycosylation site. The NXS site is the only sequence signature that distinguishes the four GLP transcripts identified.
The GLPs from barley, tobacco, a moss (Barbula unguiculata Hedw.) and a halophyte (Atriplex lentiformis (Torr.) S. Wats) are superoxide dismutases (SOD) (Yamahara 1999 , Carter and Thornburg 2000 , Woo et al. 2000 , Tabuchi et al. 2002 , Christensen et al. 2004 ) that may protect the plant cell against pathogen-induced oxidative stress (Khuri et al. 2001) . Excluding the true germins, now classified as a GLP subfamily (Carter and Thornburg 2000, Khuri et al. 2001) , the wheat and barley GLPs are the only GLPs that have been shown to be up-regulated by pathogen-induced stress (Wei et al. 1998 , Schweizer et al. 1999 , Christensen et al. 2004 , as were the GLP transcripts that we identified.
Chitinases
Sequence analysis revealed seven chitinase class IV isoforms, Transcripts 4, 17, 26, 28-1, 36A-2, 36B and 37-4 (Table 2) . Transcripts 4 and 26 were the least similar, differing in 12 out of 103 amino acids within the coding region (89% identical) and likely represent different genes. Transcripts 4 and 17 were 99% identical and real-time PCR for Transcript 4 did not distinguish between the two transcripts. The remaining five transcripts were all closely related (98-100% amino acid identity; all differed in the 3′ untranslated region) and the real-time PCR results for Transcript 26 are a measure, not only of Transcript 26, but apply to all transcripts in this group. Both groups of transcripts, represented by Transcripts 4 and 26, were equally up-regulated in the infected samples (Table 3) and may therefore have similar functions in the plant.
Transcript 26 is 98% identical to the defense-related Norway spruce putative class IV chitinase Pachi4. In Norway spruce, transcript levels of Pachi4 increased strongly after infection with Heterobasidion annosum (Fr.) Bref. Hietala et al. (2004) monitored pathogen colonization and chitinase transcript levels in clones differing in disease resistance and found that the data correlated with a role in resistance for Pachi4. Furthermore, Transcript 26 is 97-99% identical to several class IV chitinase genes that are induced during somatic embryogenesis in Norway spruce and may function to stimulate programmed cell-death in the proembryogenic-to-somatic embryo developmental transition (Wiweger et al. 2003 ). As we observed, several similar isoforms (> 96% similarity) were identified from a pooled sample of different individuals. It has been suggested that these isoforms comprise a small gene family, Chia4-Pa, but the possibility cannot be excluded that they are alleles of the same locus. If all Chia4-Pa genes and all transcript 26-like genes encode alleles in the same locus, these transcripts might be involved in developmental processes in juvenile tissue and in plant defense in adult tissue.
Transcripts 4 and 26 showed similar expression patterns. Transcript 4 also showed close similarity to Pachi4 and the Chia4-Pa family, although the degree of similarity (87-89% identity) was lower than for Transcript 26.
In conclusion, we used DD analysis to identify differentially expressed Norway spruce genes, a species for which micro-array chips are unavailable. A disadvantage of DD analysis, the delivery of sequences for which no homologues can be retrieved (Benito et al. 1996) , was solved by the use of an extra long DNA sequencing gel, which provided a resolution of up to 1286 bp of cDNA fragments. We used quantitative real-time PCR to validate the expression of the transcripts identified in the DD analysis, because the technique is sensitive and requires only small amounts of RNA. The combined DD and real-time PCR approach worked well for genes responsible for defense mechanisms that arrest the pathogen. In contrast, only one transcript of the R-mediated signal recognition and signal transduction genes was identified, indicating that these genes are maintained at a basal level and do not need induction to recognize and pass on pathogen invasion signals. We obtained only partial gene sequences. In future work, we will focus on obtaining full-length clones of the differentially expressed genes.
